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1  | INTRODUCTION
Cassava	 (Manihot esculenta	Crantz)	 is	a	woody	shrub	 that	produces	
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was	reported	to	cause	reductions	of	up	to	70%	in	tuberous	root	yield	
of	 susceptible	cultivars	 (Hillocks,	Raya,	Mtunda,	&	Kiozia,	2001).	 In	
addition	to	having	direct	deleterious	effects	on	the	growth	of	cassava	
plants,	 the	 disease	 causes	 necrosis	 of	 affected	 roots,	making	 them	
unfit	for	consumption	or	marketing,	and	thus	affecting	food	security	
(Legg	 et	al.,	 2014).	The	 continental	 significance	 of	CBSD	 increased	
greatly	from	2004,	when	the	first	reports	were	made	of	epidemics	in	
mid-	altitude	areas	of	Uganda	(Alicai	et	al.,	2007).	In	subsequent	years,	
further	outbreaks	were	 reported	 from	other	 countries	 in	 the	Great	
Lakes	 region	 of	 East	 and	 Central	 Africa,	 including	 western	 Kenya,	
north-	western	Tanzania,	Rwanda,	Burundi	and	Democratic	Republic	
of	 Congo	 (Bigirimana,	 Barumbanze,	 Ndayihanzamaso,	 Shirima,	 &	
Legg,	 2011;	 Legg	 et	al.,	 2011;	 Mahungu,	 Bidiaka,	 Tata,	 Lukombo,	
&	N’luta,	 2003;	Mulimbi	 et	al.,	 2012).	The	 disease	 has	 potential	 to	





single-	stranded	RNA	(ssRNA)	viruses:	Cassava brown streak virus	(CBSV)	
and Ugandan cassava brown streak virus	 (UCBSV),	 (genus	 Ipomovirus,	
family	 Potyviridae)	 (Mbanzibwa,	 Tian,	 Mukasa,	 &	 Volkonen,	 2009;	
Mbanzibwa	 et	al.,	 2011;	 Monger	 et	al.,	 2010;	 Winter	 et	al.,	 2010),	
which	are	together	referred	to	as	cassava	brown	streak	ipomoviruses	




Muli,	 Hillocks,	 &	Maruthi,	 2012).	 In	 addition,	 it	 was	 suggested	 that	
CBSIs	spread	naturally	in	the	field	through	the	transmission	activity	of	
insects,	 in	particular	 two	whitefly	species;	Bemisia tabaci	 (Gennadius)	





The	 first	 evidence	 of	 CBSV	 transmission	 by	 an	 insect	 vector,	
the	whitefly	B. tabaci,	was	obtained	 in	our	earlier	 laboratory	 studies	
(Maruthi	et	al.,	2005),	which	was	later	confirmed	(Mware	et	al.,	2009).	
However,	 virus	 transmission	 patterns	 were	 inconsistent	 in	 both	 of	
these	 studies,	 and	 the	 low	 rate	 of	 transmission	 observed	 could	 not	










for	 the	development	and	 implementation	of	 control	 strategies	 to	ad-
dress	what	is	currently	one	of	Africa’s	biggest	crop	production	threats.
2  | MATERIALS AND METHODS
2.1 | Cassava varieties, virus isolates and whitefly 
colonies used in the study
Two	 CBSD-	susceptible	 cassava	 varieties	 (var.)—Albert	 and	 TMS	
60444—were	grown	from	stem	cuttings	and	confirmed	to	be	free	from	






vars.—Kiroba	 and	 Kaleso—were	 also	 used	 to	 test	 the	 efficiency	 of	
virus	 transmission	by	whiteflies.	Both	Kiroba	and	Kaleso	 inhibit	 the	
multiplication	of	CBSV	upon	 inoculation	and	were	described	as	 tol-
erant	and	resistant	to	CBSD,	respectively	(Maruthi,	Bouvaine,	Tufan,	
Mohammed,	&	Hillocks,	 2014).	 Another	 cassava	 var.	 Ebwanateraka	
infected	with	either	CBSV	or	UCBSV	provided	the	source	of	viruses.	
The	colony	of	B. tabaci	used	 in	 this	 study	was	collected	on	cassava	
originally	 from	Uganda	 and	maintained	 subsequently	 on	 cassava	 in	
the	quarantine	insectary	facilities	of	NRI	in	the	UK	(Maruthi,	Colvin,	












2.2 | Transmission of CBSV by B. tabaci
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by	RT-	PCR	 (Abarshi	 et	al.,	 2010,	2012)	 three	months	 after	 exposure	
to	adult	whiteflies	from	CBSD-	infected	plants.	Data	on	the	number	of	
plants	 infected	with	 the	 viruses	were	 subjected	 to	 Chi-	squared	 test	
using	the	software	package	sigmaplot	for	Windows	version	11.0	(Systat	
Software	inc.,	San	Jose,	CA,	USA).
2.3 | Determining the mode of transmission of CBSV 
by B. tabaci
Transmission	experiments	were	initiated	to	investigate	potential	non-	
persistent,	 semipersistent	 and	 persistent	modes	 of	 CBSV	 transmis-
sion	by	whiteflies.	To	verify	the	non-	persistent	mode	of	transmission,	
whiteflies	were	given	three	relatively	short	AAP	of	5–10	min,	30	min	
and	 1	hr	 on	 a	 CBSV-	infected	 cassava	 plant	 of	 var.	 Ebwanateraka.	
About	 20–25	 adult	 viruliferous	 whiteflies	 were	 immediately	 intro-
duced	to	each	target	plant	for	a	48	hr	IAP.
To	investigate	the	semipersistent	mode	of	transmission,	whiteflies	








Chi-	squared	 analyses	 of	 data	 from	 these	 experiments	were	 con-





2.4 | Determining virus acquisition, inoculation and 













replications	 for	 each	 category	 of	 24	hr	 IAP	 or	 less	 (Table	3).	A	 total	
of	 15	 plants	were	 inoculated	 for	 the	 category	 48	hr	 IAP	with	 three	
replications.




No. of whiteflies used to 
inoculate each plant AAP IAP





20–25 4	days 5	days 7/20 30.0






TABLE  1  Initial	Cassava brown streak 
virus	transmission	experiments	using	the	
whitefly,	Bemisia tabaci
TABLE  2  Investigating	the	mode	of	Cassava brown streak virus	transmission	by	the	cassava	whitefly,	Bemisia tabaci
Mode of transmission 
tested
No. of whiteflies per 
plant AAP IAP






20–25 5–10 min 48	hr 3/25 12.0
20–25 30 min 48	hr 5/25 20.0
20–25 1 hr 48	hr 4/25 16.0
Semipersistent	mode	of	
transmission
20–25 24	hr 48	hr 5/20 25.0
20–25 48	hr 48	hr 8/20 40.0
Persistent	mode	of	
transmissiona
10–20 24	hr 48	hr	+	48	h 0/15 0
































2.6 | Transmission of CBSV and UCBSV to different 
cassava varieties
Three	cassava	var—Albert,	Kiroba	and	Kaleso—were	inoculated	with	
CBSV	or	UCBSV	by	whiteflies	 to	validate	 the	whitefly	 transmission	









2.7 | Mechanical transmission of CBSV and UCBSV
Three	 methods	 of	 transmission	 were	 investigated	 for	 CBSV	 and	
UCBSV	 in	a	set	of	experiments	by	sap	 inoculation,	 transmission	by	
leaf	 picking	 and	 contaminated	 tools.	 Cassava	 plants	 of	 var.	 Albert	
and	TMS60444	were	each	inoculated	with	sap	extracted	from	either	
CBSV-	or	UCBSV-	infected	cassava	plants	in	0.06	m	potassium	phos-
phate	 buffer	 (Mohammed	 et	al.,	 2012).	 To	minimize	 the	 effects	 of	
experimental	variables	on	the	sap	transmission	of	the	viruses,	the	top	






rieties	×	2	virus	 species	=	120).	Plants	 inoculated	with	buffer	 alone	
served	as	controls.	The	efficiency	of	sap	transmission	of	UCBSV	and	
CBSV	was	determined	by	assessing	the	presence	or	absence	of	the	








Determining AAP for CBSV on 
cassavab
Determining IAP for CBSV on 
cassavac










5–10 min 4/25 16.0 6/31 19.3
30 min 8/25 32.0 7/33 21.2
1 hr 10/25 40.0 8/39 20.5
4	hr 6/15 40.0 13/35 37.1
24	hr 9/20 45.0 29/48 60.4







Cassava brown streak virus	in	the	cassava	
whitefly,	Bemisia tabacia
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and	virus-	free	plants	of	three-	month-	old	var.	Albert	and	TMS60444.	















to	5th	 leaf	 from	 the	 top	of	 the	plant	was	used	 for	 testing	 for	virus	
infection	by	RT-	PCR	after	6	months	(Abarshi	et	al.,	2010,	2012).	Data	
from	the	above	three	experiments	were	compared	using	the	ANOVA	
procedure in sigmaplot 11.0.




































2.9 | Field transmission of CBSIs







300	m	 away	 from	 the	 nearest	 field	 of	 cassava.	 The	 trial	 comprised	





plants,	 and	 there	was	 a	 spacing	of	 2	m	between	 all	 plots.	One	 test	
plot	was	adjacent	to	the	spreader.	Other	test	plots	were	situated	on	
the	distal	side	of	the	first	test	plot	with	respect	to	the	spreader,	and	
at	 increasing	distances	 from	 it	 (2	m	from	spreader,	7	m,	12	m,	17	m	
and	22	m).













the	 number	 of	 adult	B. tabaci	 on	 the	 top	 five	 leaves	 of	 each	 plant.	







3.1 | Verifying the transmission of CBSV by B. tabaci
Highest	 virus	 transmission	 was	 recorded	 (53.0%)	 when	 50–100	
whiteflies	 that	had	up	to	5	days	each	AAP	and	 IAPs	were	used	 in	
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the	 experiments	 (Table	1).	 Rate	 of	 transmission	 was	 less	 (40.0%)	
when	50–60	whiteflies	that	emerged	from	CBSD-	affected	cassava	
plants	 inoculated	each	target	plant.	The	efficiency	of	transmission	
was	 further	 reduced	 (to	30.0%)	when	only	20–25	whiteflies	were	
used.	No	significant	differences	were	observed	 in	CBSV	transmis-
sion	efficiencies	for	any	of	the	three	initial	tests	which	had	different	





3.2 | Mode of CBSV transmission by B. tabaci
Whiteflies	 that	 had	 an	AAP	 of	 5–10	min	were	 able	 to	 acquire	 and	
transmit	 CBSV	 to	 12.0%	 of	 inoculated	 plants.	 Whiteflies	 that	 had	
30	min	and	1	hr	AAP	 transmitted	CBSV	to	20.0%	and	16.0%	of	 the	
plants,	 respectively	 (Table	2).	 The	 rate	 of	 transmission	 increased	 to	
25.0%	and	40.0%	with	the	increase	in	AAP	to	24	and	48	hr,	respec-













3.3 | AAP, IAP and retention of CBSV in B. tabaci
This	 experiment	 reconfirmed	 that	 CBSV	 can	 be	 acquired	 within	










of	 healthy	 cassava	 plants	 transmitted	 CBSV,	 again	 confirming	 that	
whiteflies	 had	 lost	 the	 ability	 to	 transmit	 the	 virus	 by	 48	hr	 after	
acquisition.
Comparison	 of	 data	 by	 Chi-	squared	 tests	 showed	 significant	





when	 comparing	 1	hr	 or	 less	 IAP	 vs.	 4	hr	 or	 more	 IAP	 (χ2	=	16.96,	
p <	.001,	df	=	1),	while	the	comparison	between	4	hr	IAP	vs.	24	hr	IAP	
was	not	significant	(χ2	=	3.51,	p = .061,	df	=	1).
3.4 | Effect of leaf age, virus species and cassava 
variety on virus transmission








not	statistically	 significant.	The	 rate	of	 transmission	also	varied	when	
cassava	varieties	differing	in	disease	resistance	levels	were	challenged	





plants	 each,	with	 standard	 deviation	 and	 transmission	 rate,	 respec-
tively,	 for	 each	virus-	variety	 combination	were	 as	 follows:	CBSV	 in-
fecting:	 Albert	 (mean	±	SD	=	5.6	±	0.58,	 transmission	 rate	 56.6%),	
Kiroba	 (4.6	±	1.53,	 46.6%)	 and	 Kaleso	 (0.3	±	0.58,	 3.3%),	 and	 for	
UCBSV	infecting:	Albert	(5.0	±	2.00,	50%),	Kiroba	(4.3	±	1.53,	43.3%)	
and	Kaleso	(0.0	±	0.00,	0%).












of	CBSIs	 by	 contaminated	 secateurs.	The	viruses	were	 also	 not	 de-
tected	by	RT-	PCR	in	these	plants.
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WAP)	 spread	 to	 reach	 block	 4,	which	was	most	 distant	 from	 the	
spreader	(Figure	1a).	This	means	that	in	the	absence	of	wind	in	the	
protective	environment	of	a	screenhouse,	whiteflies	took	7	weeks	
to	 move	 from	 spreader	 rows	 to	 the	 farthest	 block.	 By	 8	WAP,	 a	







demonstrated	 a	 clear	 gradient	 in	whitefly	 abundance	 at	 18	WAP	
running	from	block	1	(highest)	to	block	4	(least)	(Table	4;	F	=	10.0,	








blocks	 following	 the	 ratooning	 of	 the	 spreader—from	 18	WAP	 on-
wards.	There	were	strong	gradients	in	the	incidence	of	CBSD	from	the	
















Date of observation (weeks after planting)a












8 m 0 0 0 0.1 3.3 6.1 7.9 13.7 31.6 8.4 2.3 13.9 20.1 28.1 17.4
6 m 0 0 0 0 2.8 5.0 7.8 18.6 28.9 4.1 3.9 14.8 51.7 46.6 54.2
4 m 0 0 0.1 0.2 16.4 16.9 26.9 80.4 63.2 22.5 9.0 31.3 80.1 92.9 132.4
2 m 0 0.6 0.3 2.6 34.0 26.7 68.2 103.6 42.5 42.8 28.0 58.6 102.6 68.1 71.3
Spreader 1.2 1.5 8.6 49.7 79.2 119.1 160.9 88.1 48.1 43.5 51.2 82.1 62.8 46.4 74.0
(b)
Date of observation (weeks after planting)b












8 m 0 0 0 0 0 0 0 0 0 0 8.3 8.3 8.3 23.3 26.7
6 m 0 0 0 0 0 0 0 0 0 0 6.7 16.7 16.7 23.3 25.0
4 m 0 0 0 0 5.0 5.0 5.0 5.0 5.0 5.0 18.3 21.7 35.0 55.0 55.0
2 m 0 0 0 0 0 6.7 6.7 6.7 8.3 11.7 65.0 75.0 81.7 83.3 83.3
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plots,	 using	both	 the	18	WAP	and	22	WAP	data	 sets	 (Table	5).	The	
strongest	 correlation	was	 obtained	with	whiteflies	 at	 18	WAP	 and	
CBSD	at	22	WAP.	In	addition,	there	was	a	strongly	significant	 linear	
regression	relationship	between	whitefly	abundance	at	18	WAP	and	
CBSD	 incidence	 4	weeks	 later	 (CBSD	=	0.28	+	0.018	WF;	 F	=	24.0,	
p < .001,	r2	=	.63).
TABLE  4  Incidence	of	cassava	brown	streak	disease	and	Bemisia tabaci	abundance	in	a	screenhouse	at	Kibaha	Research	Station,	Tanzaniaa
Distance from  
spreader (m)
CBSD incidence (SE)  
18 WAP
CBSD incidence (SE)  
22 WAP




2 65.0a	(7.4) 83.3a	(4.3) 28.0a	(5.5) 71.3a	(42.8)
4 18.3b	(5.0) 55.0b	(4.2) 9.0b	(4.4) 132.4a	(79.4)
6 6.7b	(4.7) 23.3c	(9.6) 3.9b	(2.2) 54.2a	(13.1)








Date of observation (weeks after planting)a












22 m 0.94 2.22 5.6 0.28 0.24 0.06 0.06 0 0.12 0.24 0.44 0.06 0 0.06 0.11
17 m 12.0 23.0 70.0 3.7 1.0 0.9 0 0 0 0.9 0.8 1.1 0.7 1.0 0.9
12 m 14.5 24.7 48.5 9.4 1.8 0.44 0 0 0 0.38 0.56 1.4 0.63 0.5 1.5
7 m 9.8 16.0 33.0 5.7 0.6 0.9 0.1 0.1 0.1 0.3 1.2 0.1 0.1 1.4 2.0
2 m 5.4 10.0 36.0 4.7 1.7 0.9 0 0 0.1 0.1 1.1 1.1 0.7 0.9 1.1
Spreader 11.6 33.9 64.0 13.5 1.3 0.53 0 0 0 0.29 0.24 3.4 2.3 1.3 0.75
(b)
Date of observation (weeks after planting)b












22 m 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0
17 m 0 0 0 8 0 10 5 0 0 0 0 0 0 0 0
12 m 0 0 0 0 5.6 5.6 5.6 17 5.6 12 5.6 11 5.9 5.9 5.9
7 m 12 5.9 5.3 11 17 17 28 28 11 11 39 39 39 39 39
2 m 11.1 33.3 15 25 45 47.4 68.4 52.6 42.1 57.9 63.2 68.4 52.6 68.4 73.7
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2	m	and	7	m	 from	 the	 spreader	plot	 (Figure	2a).	 Incidences	of	CBSD	
appeared	at	17	m	from	the	spreader	plot	starting	from	7	WAP.	The	first	
symptoms	at	12	m	from	the	spreader	plot	were	observed	at	8	WAP.	











Research	 into	 CBSD	 and	 its	 causal	 viruses	 (CBSV	 and	 UCBSV)	
has	 	increased	 greatly	 as	 the	 spread	 of	 the	 disease	 was	 reported	
into	 previously	 unaffected	 parts	 of	 East	 Africa	 (Alicai	 et	al.,	 2007).	
However,	 the	mechanisms	 of	 transmission	 of	 these	 viruses	 remain	
poorly	characterized.	Our	results	respond	to	several	of	the	key	ques-
tions	on	transmission	and	epidemiology.	Initial	experiments	confirmed	
that	 CBSV	 can	 be	 transmitted	 by	B. tabaci	 adults	 under	 laboratory	
conditions.	The	 rate	of	 transmission,	however,	was	moderate	 (high-
est	53%)	even	when	using	high	whitefly	numbers	(50–100	per	plant)	
and	with	prolonged	acquisition	and	inoculation	access	periods	of	up	





vealed	 that	 CBSV	 can	 be	 acquired	 within	 5–10	min	 of	 feeding	 on	








which	 represents	 a	 relatively	 high	 level	 of	 transmission	 efficiency.	




together,	 our	 results	 indicated	 that	 CBSV	 is	 semipersistently	 trans-
mitted	 by	 B. tabaci.	 The	 transmission	 of	 CBSV,	 by	 contrast,	 seems	
to	 be	 comparable	 to	 other	 whitefly-	transmitted	 ipomoviruses	 such	
as	Squash vein yellowing virus	 (SqVYV)	 in	 the	USA	 (Webb,	Adkins,	&	





removed	 from	 infected	plants	 (infection	 rate	 dropped	 from	76%	 to	




transmission	 rate	 of	 80%.	Persistence	 in	 the	 vector	was	 also	 short,	
with	a	dramatic	decrease	in	transmission	from	81%	to	14%	after	2	hr	
(Harpaz	&	Cohen,	1965).	Similar	results	were	obtained	using	another	






Experiments	 comparing	 the	 transmission	 of	 two	 CBSD-	causing	
viruses—CBSV	 and	 UCBSV—showed	 that	 both	were	 transmitted	 to	
the	susceptible	var.	Albert	as	well	as	to	the	resistant	vars.	Kiroba	and	
TABLE  5 Pearson’s	correlation	analyses	relating	Bemisia tabaci 
abundance	with	cassava	brown	streak	disease	incidence	for	the	16	test	
plots	(four	per	block)	within	the	screenhouse	trial,	Kibaha,	Tanzania
Comparison R pa N
Wf	18	WAP	vs.	CBSD	18	WAP 0.77 .0006*** 16
Wf	22	WAP	vs.	CBSD	22	WAP 0.29 .27ns 16
Wf	18	WAP	vs.	CBSD	22	WAP 0.80 .0002*** 16
ns,	 not	 significant;	Wf,	whiteflies;	 CBSD,	 cassava	 brown	 streak	 disease;	
WAP,	weeks	after	planting.
***p =	highly	significant,	at	.001	level.










mission.	 It	 is	 therefore	 concluded	 that	 neither	 of	 these	widespread	
practices	contribute	to	the	epidemiology	of	CBSD	in	the	field,	as	had	
been	suspected	by	some	researchers.	Circumstantial	evidence	further	
confirms	 this	 finding,	 as	 leaf	picking	 is	practiced	 in	 some	 regions	of	
East	Africa	 and	 not	 in	 others,	 and	 there	 is	 no	 apparent	 association	






cal	 inoculation	of	sap	extracted	 from	diseased	cassava	 leaves,	while	
UCBSV	was	not	 transmitted	at	all,	 further	 indicating	 that	 this	might	
be	to	do	with	the	relatively	low	titres	in	infected	plants	or	mild	nature	
of	the	virus.	Epidemiology	experiments	run	in	both	confined	screen-
house	 and	 open	 field	 conditions	 in	 coastal	 Tanzania	 showed	 that	
CBSD	 spread	 along	 a	 clearly	 defined	 gradient	 from	 CBSD-	affected	











the	 relatively	 short	distances	over	which	CBSIs	 are	 spread—a	 result	









significant	 incidences	 of	 CBSD,	 had	 any	 significant	 effect	 on	CBSD	
spread	in	the	test	plots	of	the	field	experiment.
The	results	of	our	experiments	present	a	consistent	picture	for	the	








to	 remove	all	CBSD-	affected	cassava	 from	rural	communities	 to	es-
tablish	CBSD-	free	zones.	Farmers	are	then	given	disease-	free	cassava	
planting	material	for	cultivation,	which	is	expected	to	remain	disease-	
free	because	of	 the	poor	 transmission	of	CBSIs	by	 the	whiteflies.	 If	
implemented	 together	 with	 the	 development	 and	 dissemination	 of	




require	 implementing	 stricter	 quarantine	 regulations	 to	 prevent	 the	
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